We tested two hypotheses: 1) that cerebral blood flow, oxygen consumption, and evoked potentials recover to preischemic values at 120 minutes of reperfusion more completely in 1-2-week-old piglets than in 6-10-month-old pigs after complete ischemia; and 2) that recovery of cerebral blood flow, oxygen consumption, and electrical function in piglets and pigs at 120 minutes of reperfusion is better after incomplete than after complete ischemia. During 30 minutes of ischemia produced by intracranial pressure elevation, cerebral blood flow determined by the microspheres technique was decreased to 0-1 ml/min/100 g with complete ischemia, to 1-10 ml/min/100 g with severe incomplete ischemia, or to 10-20 ml/min/100 g with moderate incomplete ischemia. During reperfusion after complete ischemia, both piglets and pigs demonstrated hyperemia but delayed hypoperfusion occurred in more brain regions in pigs, oxygen consumption returned to preischemic values in piglets but not in pigs (70±10% of preischemic values), and evoked potentials recovered better in piglets than in pigs (24 ±4% and 9±4% of preischemic values, respectively). Both piglets and pigs had fewer brain areas with hyperemia and hypoperfusion and improved oxygen consumption and electrical function during recovery from incomplete than from complete ischemia. We speculate that piglets tolerate complete ischemia better than pigs because of decreased reperfusion injury and that both groups recover better from incomplete than complete ischemia because of improved substrate supply during ischemia. (Stroke 1991;22:626-634) 
dogs. However, in that study arterial blood gases and cerebral blood flow (CBF) were not measured, and body temperature and blood pressure were not controlled. Those studies have not correlated the recovery of electrical function with the recovery of CBF and cerebral oxygen consumption (CMRO 2 ) following global ischemia in the same species at different ages. We have previously demonstrated quicker return of CBF, CMRO2, and somatosensory evoked potentials in immature than in mature pigs after brief (10 minutes) complete global ischemia. 3 In our present study, which was designed to improve understanding of developmental differences in ischemic tolerance, the ischemia lasted three times longer and was produced by elevation of intracranial pressure (ICP) rather than by aortic cross-clamping and three levels of ischemia were assessed in both age groups.
Conflicting results have appeared comparing incomplete and complete global ischemia in adult animals. In adult rats Rehncrona et al 4 found less recovery of tissue energy state after severe incomplete than complete global cerebral ischemia. In contrast, Marshall et al 5 -7 and Steen et al 8 electrical activity, cerebral metabolism, CBF, and neurologic function recovered better following severe incomplete than complete ischemia. Laptook et al 9 found in piglets that cerebral metabolism decreases when CBF is decreased by 50%, but the significance of the metabolic changes was not assessed. Leffler et al 10 found regional differences in CBF recovery after complete ischemia in piglets but did not compare this with recovery after incomplete ischemia or in older animals. The difference between incomplete and complete cerebral ischemia as measured by recovery of CBF, CMRO 2 , and electrical activity has not been previously evaluated in the immature brain, nor in a model directly comparing young with older animals.
We aimed to define age-related differences in the recovery of CBF, CMRO 2 , and electrophysiologic function following prolonged transient complete and incomplete ischemia. We tested the hypotheses that 1) 1-2-week-old piglets have more complete recovery of CBF, CMRO 2 , and electrical function following 30 minutes of complete cerebral ischemia than do 6-10month-old pigs and 2) incomplete cerebral ischemia is associated with more complete recovery of CBF, CMRO2, and electrical function than is complete ischemia in both piglets and pigs.
Materials and Methods
We used 25 mixed-breed pigs weighing 60-90 kg and 24 piglets weighing 2-4 kg that were not fasted prior to induction of anesthesia. Piglets received pentobarbital (65 mg/kg bolus, then 3-5 mg/kg/hr infusion). Pigs received 10 mg/kg i.m. ketamine followed by pentobarbital (30 mg/kg i.v. bolus, then 3-5 mg/kg/hr infusion). All animals were paralyzed with 0.5 mg/kg/hr pancuronium and mechanically ventilated (Harvard Apparatus, South Natick, Mass.; model 613 for pigs and model 665 for piglets) via tracheostomy to maintain PacO2 at 35-40 mm Hg, and O 2 was given to keep arterial oxygen tension (Pao 2 )>90 mmHg. Rectal temperature was maintained at 38±1°C with a heat lamp and a heating pad.
Catheters were placed in the femoral veins for administration of fluids and drugs, in the femoral arteries for monitoring of blood gases, glucose concentration, hemoglobin content, and mean arterial blood pressure (MABP) and for withdrawal of blood during microsphere injection, in the left ventricle for injection of radiolabeled microspheres, in the sagittal sinus for measurement of oxygen content, and in the lateral cerebral ventricle for monitoring of ICP and infusion of cerebrospinal fluid 11 (CSF). The CBF was measured by the radiolabeled microsphere technique, 12 and the electroencephalogram (EEG) and somatosensory and brain stem auditory evoked potentials were measured as previously described. 313 Preischemic control values were obtained for all variables 30 minutes after the end of surgical preparation.
Cerebral ischemia was induced by the rapid infusion of artificial CSF (temperature 38±0.5°C, pH 7.4) into a catheter in the left lateral ventricle via a pressurized reservoir. 11 Throughout ischemia cere-bral perfusion pressure (CPP, calculated as MABP-ICP) was controlled with the pressurized infusion reservoir. Animals were randomly assigned to one of three levels of CPP during ischemia: <0 mm Hg (ICP 10 mm Hg greater than the systolic blood pressure), 5-10 mm Hg, or 10-20 mm Hg. Eight piglets and eight pigs had whole-brain CBF of 0 ml/min/100 g (complete ischemia), eight piglets and eight pigs had whole-brain CBF of 1-10 ml/min/100 g (severe incomplete ischemia), and eight piglets and nine pigs had whole-brain CBF of 10-20 ml/min/100 g (moderate incomplete ischemia). If MABP rose to >180 mm Hg during ischemia, blood was withdrawn and heparinized and then replaced when MABP returned to the preischemic levels or immediately after ischemia. During ischemia EEG was recorded continuously, and evoked responses were recorded every 5 minutes. We measured CBF and CMRO 2 at 30 minutes of ischemia.
Reperfusion was induced by opening the lateral ventricle catheter to the atmosphere and allowing CSF to drain for 3 minutes. Evoked responses and EEG were recorded at 10,30,60,90, and 120 minutes of reperfusion. All other variables were measured at 10, 60, and 120 minutes of reperfusion. We maintained MABP within 10 mm Hg of the preischemic values during reperfusion as needed with infusion of 0.13-1.3 jtg/kg/hr phenylephrine.
We studied a separate group of animals (three piglets and three pigs) using the same anesthesia and general preparation as described above to determine the time course of CBF changes during ischemia. We raised ICP to achieve a CPP of 5-10 mm Hg and measured CBF, CMRO 2 , and electrophysiologic parameters before ischemia and at 0.5, 1, 3, 6, and 30 minutes of ischemia.
Physiologic variables and recovery of evoked potential amplitude were analyzed with planned orthogonal comparisons. The CBF data was log-transformed prior to data analysis. The effect of time on regional CBF and CMRO 2 was determined with paired t tests using the Bonferroni correction. Student's t test with the Bonferroni correction was used to determine differences between groups at individual times. Statistical significance is considered to be /><0.05. Results are expressed as mean±SEM.
Results
Arterial pH, Pacaj, and PaO2 remained within the physiologic ranges during ischemia and reperfusion in all groups ( Table 1 ). The pH was higher in pigs than in piglets at all levels of ischemia and all times of reperfusion, most likely due to chronic hypoventilation in the awake pigs. Prior to ischemia, CPP was greater in pigs (117 ±4 mm Hg) than in piglets (85 ±3 mm Hg). Hemoglobulin content remained >10 g/dl throughout ischemia and reperfusion in all groups. Blood glucose concentration was similar in pigs (78±4 mg/dl, n = 18) and piglets (70±4 mg/dl, n = 17) before ischemia and did not change during ischemia or reperfusion in pigs; blood glucose concentration Values are mean±SEM. Pacc>2, arterial partial pressure of carbon dioxide; Pach, arterial partial pressure of oxygen; CPP, cerebral perfusion pressure. n=8 for each group of 1-2-week-old piglets;/!=8 for each group of 6-10-month-old pigs, except n =9 for pigs exposed to moderate incomplete ischemia.
*p<0.05 different from pigs at same level of ischemia. tp<0.05 different from control within group. jp<0.05 different from severe incomplete ischemia within age group. §p<0.05 different from moderate incomplete ischemia within age group.
rose in piglets only transiently during complete ischemia (to 119±5 mg/dl, n=6). Prior to ischemia there were no differences in regional ( Table 2) or whole-brain ( Figure 1 ) CBF or CMRO 2 ( Figure 2 ) within age groups. Prior to ischemia, the piglets had higher CBF in several regions than the pigs (brain stem: 48±3 and 32±2 ml/min/ 100 g, respectively; cerebellum: 48±3 and 39±2 ml/min/100 g, respectively; thalamus: 38±2 and 32±2 ml/min/100 g, respectively; and white matter: 27±1 and 20±1 ml/min/100 g, respectively). Prior to ischemia there was no difference in CMRO 2 between piglets and pigs.
During complete ischemia, whole-brain and regional CBF were reduced to 0 ml/min/100 g in both age groups. At 10 minutes of reperfusion, CBF was increased to greater than control in all brain regions except the white matter (piglets and pigs) and cerebellum (piglets) ( Table 2 ). In piglets, the hyperemia at 10 minutes of reperfusion was greater in the hippocampus than in all other regions, and the hyperemia in the brain stem and thalamus was greater than that in the cortical gray matter and caudate nucleus. In pigs, the hyperemia at 10 minutes of reperfusion did not differ among the brain stem, cerebellum, thalamus, and hippocampus. However, these regions had more hyperemia than the cortical gray matter and the caudate nucleus. Delayed hypoperfusion occurred in the caudate nucleus, brain stem, and thalamus in piglets and in the forebrain, cortical gray matter, caudate nucleus, brain stem, and thalamus in pigs ( Table 2 ). During reperfusion, CMRO 2 returned to preischemic values by 10 minutes in piglets but did not fully recover in pigs ( Figure 2 ).
During complete ischemia EEG and somatosensory evoked potentials were ablated in all animals in both age groups ( Table 3 ). The EEG became isoelectric by 24 ±5 seconds after the onset of ischemia among piglets and by 170+46 seconds among pigs (p<0.05). Auditory evoked responses were ablated in half of the animals in both groups. During reperfusion, some somatosensory evoked potential recovery occurred in all piglets, compared with half of the pigs (j><0.05, Table 3 ). Somatosensory evoked potential amplitude reached 24 ±4% of control in the piglets and 9 ±4% of control in the pigs by 120 minutes of reperfusion (p<0.05, Figure 3 ). In piglets whole-brain CBF was reduced to 0 ml/min/100 g during complete ischemia, to 5±1 ml/ min/100 g during severe Incomplete ischemia, and to 15 ± 1 ml/min/100 g during moderate incomplete ischemia ( Figure 1 ). In pilot experiments we found that, during severe incomplete ischemia, CBF values became stable <, 3 minutes after elevating ICP.
In piglets there were regional differences in CBF during incomplete ischemia. For example, the brain stem demonstrated a higher regional CBF than the forebrain during both severe and moderate incomplete ischemia ( Table 2) . Other hindbrain and midbrain structures demonstrated higher regional CBF values than the forebrain during both severe (cerebellum, thalamus) and moderate (thalamus) incomplete ischemia ( Table 2 ). At 10 minutes of reperfusion, there was no difference in the degree of hyperemia between piglets exposed to complete ischemia or severe incomplete ischemia. After moderate incomplete ischemia, hyperemia occurred only in the white matter (Table 2) . Delayed hypoperfusion occurred only in piglets exposed to complete ischemia.
In piglets, during ischemia CMRO 2 was most suppressed in those exposed to the greatest degree of ischemia ( Figure 2 ). In all groups of piglets, CMRO 2 returned to preischemic values by 10 minutes of reperfusion ( Figure 2) . The time to ablation of EEG was shorter during complete ischemia than during severe incomplete ischemia (24 ±5 and 62 ±24 sec- onds, respectively). The EEG was ablated in only four of eight piglets exposed to moderate incomplete ischemia (p<0.05, Table 3 ). Evoked potentials were ablated more frequently in piglets subjected to greater degrees of ischemia. During reperfusion some EEG activity returned in nearly all piglets that had EEG ablation during all levels of ischemia (Table 3 ). Recovery of somatosensory evoked potential amplitude during reperfusion was greatest in piglets exposed to moderate incomplete ischemia ( Figure 3 ). The degree of somatosensory evoked potential recovery during reperfusion was correlated with CMRO 2 during ischemia (p<0.05, Pearson's correlation). Brain stem auditory evoked potential latencies recovered to preischemic values in all piglets except one that was exposed to complete ischemia.
In pigs whole-brain CBF was reduced to 0 ml/min/ 100 g during complete ischemia, to 7±1 ml/min/100 g during severe incomplete ischemia, and to 15 ±1 ml/min/100 g during moderate incomplete ischemia (Figure 1 ). We found in pilot experiments that, during severe incomplete ischemia, CBF became stable ^3 minutes after elevating ICP.
In pigs, during severe incomplete ischemia, the brain stem demonstrated higher regional CBF than the forebrain (Table 2 ). There were no differences in regional CBF during moderate incomplete ischemia. Following severe incomplete ischemia, hyperemia occurred in all brain regions. The degree of hyper- emia did not differ between complete ischemia and severe incomplete ischemia. Following moderate incomplete ischemia hyperemia was found only in the forebrain, cerebellum, hippocampus, and periventricular white matter ( Table 2 ). Delayed hypoperfusion occurred only after complete ischemia. In pigs, during ischemia CMR0 2 was most suppressed in those exposed to the greatest severity of ischemia ( Figure 2 ). By 120 minutes of reperfusion, CMRO 2 had not returned to preischemic values in pigs exposed to complete ischemia. The CMRO 2 returned to preischemic values by 60 minutes of reperfusion in pigs exposed to severe incomplete ischemia and by 10 minutes of reperfusion in pigs exposed to moderate incomplete ischemia ( Figure 2) .
In pigs the EEG was ablated in all animals during complete ischemia and severe incomplete ischemia and in three of nine pigs during moderate incomplete ischemia (p<0.05, Table 3 ). Evoked potentials were ablated more frequently in pigs subjected to greater degrees of ischemia. During reperfusion, partial EEG recovery occurred in fewer pigs subjected to complete ischemia than to severe or moderate incomplete ischemia ( Table 3 ). Recovery of somatosensory evoked potential amplitude during reperfusion was greatest in pigs exposed to moderate incomplete ischemia (Figure 3 ). Somatosensory evoked potential recovery during reperfusion was correlated with CMR0 2 during ischemia (p<0.05, Pearson's correlation). During reperfusion, the brain stem auditory evoked potential latencies recovered to preischemic values in all pigs. 
Discussion
Our study demonstrated an age-related difference in recovery of CBF, CMRO 2 , and electrical function during reperfusion after prolonged complete ischemia (30 minutes), whereas previously this difference has been found only after brief complete ischemia (10 minutes). 3 Following transient complete ischemia in piglets, CMRO 2 is not different from control throughout reperfusion and some recovery of somatosensory evoked potentials occurs in all animals. Following complete ischemia, pigs have more regions with delayed hypoperfusion, only partial recovery of CMRO 2 , and some recovery of somatosensory evoked potentials occurs in only half of the animals. The improved tolerance of piglets is further shown by their greater recovery of somatosensory evoked potential amplitude. We found more complete return of CBF and electrical function during reperfusion after incomplete ischemia than after complete ischemia in both piglets and pigs. During reperfusion, recovery of somatosensory evoked potentials was best in groups having the least reduction in CMRO 2 during ischemia. These data suggest that, following transient complete ischemia, the quicker return of CBF, CMRO 2 , and electrical activity to preischemic values in piglets is due to a difference in reperfusion injury since piglets had the more rapid loss of EEG during ischemia. When comparing incomplete with complete ischemia, continued substrate supply during the insult may be more important for recovery than the production of potentially toxic metabolites (e.g., lactic acid), which may occur with incomplete ischemia.
Previous studies have demonstrated better tolerance to ischemia in newborn animals than in adults. Himwich and Fazekas 14 hypothesized that a lower CMRO 2 in younger dogs accounted for their less profound energy failure during ischemia, leading to better neurologic recovery during reperfusion. We found that whole-brain CBF and CMRO 2 were similar in both age groups before ischemia. It is possible that in our study the anesthesia masked any agerelated differences in CMRO 2 . While differences in CMRO 2 in an unanesthetized animal may affect ischemic tolerance, 14 the lack of an age-related difference in preischemic CMRO 2 in our study suggests that other mechanisms contribute to age-related differences in recovery after ischemia. There were no differences in preischemic glucose levels to account for the age-related differences in recovery from complete ischemia. However, the rise in blood glucose concentration that occurred during complete ischemia in piglets but not in pigs may contribute to the improved outcome in immature brain. 15 This contrasts with the effect of elevated glucose concentration on ischemic outcome in adult animals. 16 During cerebral ischemia produced by decapitation, newborn mice have a slower decline in the concentration of high-energy phosphates and a slower accumulation of brain lactate than older mice. 17 In contrast, our data suggest that energy failure occurs quicker in piglets than in pigs following complete ischemia caused by elevated ICP since EEG was actually ablated sooner during ischemia in piglets than in pigs. Therefore, the age-related improvements in the return of CBF, CMRO 2 , and somatosensory evoked potentials to preischemic values during reperfusion is more likely to be due to a mechanism that was initiated during reperfusion. Oxygen-derived free radicals are produced during reperfusion following ischemia in piglets. 18 We speculate that, compared with pigs, piglets produce fewer oxygen-derived free radicals, accounting for the improved recovery during reperfusion. Alternatively, excitatory neurotransmitters affect ischemic neuronal injury in an age-dependent fashion 19 -20 and may contribute to the age-related differences in ischemic outcome that we observed. Prostanoids and calcium fluxes have been implicated in the regulation of CBF 21 and the evolution of ischemic brain injury 22 in immature brain and may explain the age-dependent effects of ischemia.
It is unlikely that improved recovery of piglets compared with pigs following complete ischemia is related to differences in the baseline anesthetic. The anesthetic agents used were identical between the two age groups except that ketamine was used in pigs at the beginning of the protocol for sedation. As an effective antagonist at the AT-methyl-D-aspartate receptor, 23 ketamine would be expected to improve 24 or not change 25 neurologic recovery following cerebral ischemia. Since metabolic and electrical recovery was better in piglets (no ketamine) than in pigs, any beneficial effect appears minimal. Pentobarbital anesthesia was used in both age groups. While the initial dose of pentobarbital was higher for piglets than for pigs, the average time from the induction of anesthesia until the beginning of the protocol was 4 hours. The lack of differences in preischemic CMRO 2 and CBF suggests that there was minimal if any difference in the level of anesthesia. While it is possible that barbiturates affect ischemic tolerance, we believe this is an unlikely explanation for our results. In adult dogs barbiturate pretreatment has little or no efficacy as a cerebral protectant. 8 Initial studies of barbiturates during resuscitation following ischemia 26 were plagued with methodologic problems, and subsequent studies, 27 even those from the laboratory that initially reported therapeutic efficacy, 28 have been unable to demonstrate protective effects of barbiturates in global ischemia. As no study has directly compared the protective effects of barbiturates in different age groups, it remains a possibility that barbiturate anesthesia contributed to the age-related differences in ischemic outcome.
Controversy exists as to whether incomplete ischemia causes greater neurologic injury than complete ischemia in adult animals, and this issue has not been previously evaluated in young animals. Some investigators have demonstrated that transient incomplete ischemia is more detrimental to the brain than complete ischemia. 29 -30 Intracellular lactate production has been proposed to mediate ischemic neuronal injury. 31 The greater availability of lactate precursors during incomplete than complete ischemia may explain a worsened outcome after the former. 4 In the absence of severe tissue lactate acidosis, incomplete ischemia leads to less severe pathologic outcome 6 ' 32 and to better recovery of energy metabolism 7 -33 and neurologic function. 5 -8 We have shown that incomplete ischemia is tolerated better than complete ischemia in both piglets and pigs as measured by the recovery of CMRO 2 and electrophysiologic parameters during reperfusion. Ischemia produced by elevated ICP in our study caused little or no elevation in blood glucose concentrations. Therefore, accelerated lactate production due to hyperglycemia during ischemia would not account for the poorer outcome after complete than incomplete ischemia.
Several models of cerebral ischemia have been used by various investigators. In contrast to the cardiac arrest or aortic cross-clamp models, the elevated ICP model causes cerebral ischemia with only limited systemic effects. 34 While acute elevation of ICP potentially may cause direct compression injury to cell bodies and axons, we believe its contribution is minimal. Compression ischemia of short duration results in a rapid return of evoked potentials to control values. 35 Recovery of evoked potential amplitude and high-energy phosphate concentrations is similar for ischemia of the same duration caused by elevated ICP, hypovolemia, or cervical cuff. 35 -37 The discrepancy between recovery of CBF and CMRO 2 and recovery of somatosensory evoked potentials was substantial in both age groups and was seen following both complete and incomplete ischemia. McPherson et al 38 found a close correlation between somatosensory evoked potential amplitude and CMRO 2 during cerebral hypoxia. We used a model of ischemia rather than hypoxia and examined a more prolonged insult. The CMRO 2 measures a composite of energy utilization by all cell populations and does not differentiate among regions or types of cellular activity. Recovery of somatosensory evoked potentials requires recovery of axonal and synaptic transmission in a complex series of neuronal circuits. The discrepancy suggests that the recovery of CBF and CMRO 2 are necessary but not sufficient for neuronal functional recovery and that other events are necessary for the full recovery of neuronal electrical activity following prolonged ischemia. Our data suggests that more severe degrees of ischemia produce more severe and prolonged disruption of neuronal function, the recovery of which is determined by factors other than, or in addition to, the recovery of CBF and CMRO 2 .
In summary, we found piglets to have better recovery than pigs in CBF, CMRO 2 , and somatosensory evoked potential amplitude after prolonged complete global cerebral ischemia. Both piglets and pigs have improved recovery of electrical activity after incomplete than complete ischemia. We speculate that the mechanism for improved recovery in piglets following complete ischemia involves age-dependent differences in the production of toxic metabolites (e.g., oxygenderived free radicals) during reperfusion. Improved substrate supply during incomplete compared with complete ischemia may account for quicker recovery of CBF, CMRO 2 , and somatosensory evoked potentials to preischemic values in both pigs and piglets.
